RESEARCH
W heat (Triticum aestivum L.) supplies about 20% of the food calories for the world's people and is a staple in many countries. Each year, millions of kilograms of potential grain yield fails to materialize because of various stress factors that impact the growth and maturation of the plants. One of the most signifi cant stresses is cold temperature and freezing conditions. Historically, in the United States an estimated 7% of potential winter wheat yield has been lost each year to winter injury (Patterson et al., 1990) and losses >70% in specifi c instances have been reported (Allan et al., 1992) .
Exposure of many species of plants to temperatures a few degrees above freezing for several days to several weeks results in a plethora of metabolic changes that lead to cold acclimation or cold hardening, a subject that has been reviewed many times (Levitt, 1980; Guy, 1990; Palta and Weiss, 1993; Hughes and Dunn, 1996; Thomashow, 1990 Thomashow, , 1999 . In wheat, hundreds of genes (Gulick et al., 2005) , probably located on all of the chromosomes (Fowler et al., 2005) are involved in the acclimation process. Effi ciency of this acclimation process varies among winter wheat genotypes. The temperature the plants are exposed to during the acclimation process greatly impacts the level of freezing tolerance that develops (Fowler et al., 1999) and diff erent winter wheat lines require diff erent induction temperatures to begin the cold acclimation process. For example, reciprocal lines near-isogenic at the major vernalization locus, Vrn-A1, were developed using the nonhardy spring-habit (Vrn-A1) cultivar Manitou and the very cold-hardy
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ABSTRACT
Winter wheat (Triticum aestivum L. em. Thell.) is sown in the autumn and harvested the following summer, and therefore must survive subfreezing temperatures for several months. Because of autumn rains and winter snows, the plants usually are subjected to these subfreezing temperatures while growing in saturated soil. As the plants freeze, they are subjected to freezing episodes that may vary in the cooling rate, the minimum temperature, the time at the minimum temperature, and the warming rate as the freezing episode ends. We investigated the impact of each of these freezing process components on the ability of 22 winter wheat cultivars to survive freezing in saturated soil using logistic regression and cluster analyses. The 22 cultivars formed three distinct groups when clustered on the odds ratios associated with the freezing process components. The distinctiveness of the three clusters indicated the cultivars within each cluster responded differently to the freezing process than cultivars in the other clusters. Some cultivars occurred in different clusters but had equal levels of freezing tolerance. We conclude the logistic regression/clustering analysis identifi ed cultivars that differed in the mechanisms used to respond to freezing stress, and that equal levels of freezing tolerance can be attained through these different mechanisms. It may be possible to improve winterhardiness by genetically combining these disparate responses to the freezing process components.
winter habit (vrn-A1) cultivar Norstar to determine the eff ect of spring and winter habit-determining alleles in each genetic background (Fowler, 2008) . Norstar, initially grown at 20°C, began cold acclimation when the plants were transferred to 17.2°C for 7 d. However, the Manitou NIL carrying the vrn-A1 allele from Norstar, and thus phenotypically a winter wheat, did not begin acclimation until the temperature was lowered to 12.1°C (Fowler, 2008) .
Exposure of cold-acclimated plants of winter wheat to a mild (−3°C) prefreeze treatment for several hours, a process known as subzero acclimation, signifi cantly improved survival of subsequent exposure to potentially damaging subfreezing temperatures (Herman et al., 2006; Skinner and Bellinger, 2010) . However, this enhanced survival was not observed with all cultivars (Skinner and Bellinger, 2010) . Thus, it is evident that wheat plants acclimate to low, above-freezing, and mild below-freezing temperatures by activating mechanisms that lead to greater survival of subsequent exposure to damaging temperatures, and that variation in this ability exists among wheat cultivars.
While variation among wheat cultivars in this ability to acclimate in response to above-or below-freezing temperatures has been well documented, very little is known of cultivar variation in the response to components of the freezing process itself. The level of freezing stress varies tremendously across a fi eld (Fowler, 1979) hence, studies on cold acclimation and freezing survival usually are conducted under controlled, artifi cial freezing conditions. Using this approach, we previously reported signifi cant diff erences among wheat lines in their abilities to tolerate changes in specifi c components of the freezing process, including cooling rate, minimum temperature, time held at minimum temperature, and warming rate as the freezing episode ended (Skinner and Mackey, 2009) . Presumably, wheat lines that responded similarly to these components of the freezing process used similar mechanisms in that response, while lines responding diff erently to the components used diff erent mechanisms or the same mechanisms with diff erent effi ciency. This kind of variation most likely could be exploited in the genetic improvement of freezing tolerance and winterhardiness. Accordingly, the objective of this study was to determine whether measurable variation in the response to components of the freezing process can be found among winter wheat cultivars, and to determine whether groups of cultivars responding diff erently to the freezing process components, and therefore likely to use diff erent mechanisms of freezing stress response, can be identifi ed.
MATERIALS AND METHODS

Plant Material and Freezing Survival Tests
The 22 winter wheat cultivars included in this study are described in Table 1 . The LT 50 values, the temperatures predicted to be fatal to 50% of the plants, were previously reported for these cultivars frozen under three diff erent regimens (Skinner and Bellinger, 2010) . The LT 50 values determined under the conditions used in the present study are included in Table 1 . Plants were grown in six-container packs (Model 1020, Blackmore Co., Belleville, MI) in Sunshine Mix LC1 planting medium consisting of 70 to 80% Sphagnum peat moss, coarse grade perlite, gypsum, Dolomitic lime to adjust the pH to 5 to 7, and a proprietary wetting agent (Sun Gro Horticulture, Bellevue, WA).
Twenty seeds of each cultivar to be tested were planted into each container. Forty-eight containers were frozen in each test. The programmable freezer used (see below) had two internal shelves. Each cultivar was represented once on each shelf in a randomized complete block design. Each freezing trial (freezer run) was treated as a replication with subsampling. Seeds were germinated and plants grown at 22°C in a growth chamber (Model E15, Conviron, Pembina, ND) under cool, white fl uorescent lights (about 300 μmol m −2 s −1 PPFD at the soil surface) with a 16-h photoperiod until the seedlings reached the three-leaf stage. Relative humidity was not controlled. The plants were then transferred to 4°C with a 12-h photoperiod (about 250 μmol m −2 s −1 PPFD at mid-plant height) for 35 d to induce cold acclimation before freezing survival tests. Plants were irrigated weekly with nutrient solution containing macro and micronutrients (Peters Professional, Scotts Co., Camarillo, CA). Before freezing, plants were counted, the fl ats were drenched with ice water containing 10 mg/L Snowmax (Johnson Controls, Centennial, CO) and allowed to drain until drainage had essentially ceased, a layer of crushed ice was placed on the soil surface, and freezing Table 1 . Names, origins, market classes, and freezing tolerance potential of winter wheat cultivars evaluated in this study. initial number of plants. Each of the freezing process components; cooling rate, minimum temperature, time at the minimum temperature, and warming rate, were included in the model for each of the cultivars. Then, in separate analyses, the odds ratios associated with degree minutes were determined using the number of plants survived/initial number of plants as the response and degree minutes as the sole predictor variable. Similarly, odds ratios associated with the total time frozen were obtained. The estimated "odds" indicated the probability of a plant surviving a freezing episode, relative to the probability of not surviving. The "odds ratio" indicated the relative amount by which the odds of survival increased (odds ratio >1.0) or decreased (odds ratio <1.0) when the value of the predictor variable (e.g., minimum temperature) was increased by one unit (e.g., 1°C). The odds ratio associated with each component of the freezing process, calculated for each cultivar, provided an indication of the ability of that cultivar to tolerate variation in that component of the freezing process.
To investigate whether the cultivars diff ered in these abilities, a cluster analysis and a canonical discriminant analysis was performed using the odds ratios associated with the four freezing process components (cooling rate, minimum temperature, time, and minimum temperature, and warming rate), and the two global measures of freezing exposure (degree minutes and total time frozen) as predictor variables. Clustering was performed using PROC FASTCLUS, and canonical discriminant analysis was performed using PROC CANDISC of SAS. The cubic clustering criterion (SAS Institute, 1983) , available in PROC FASTCLUS, was used to obtain an indication of the number of modal clusters represented in the data.
An analysis of variance of the whole experiment was conducted using PROC GLM of SAS. The response variable was percentage survival, the predictor variables were cultivars and replications, treated as fi xed eff ects, and minimum temperature, time at the minimum temperature, cooling rate, and warming rate, treated as random eff ects. The response was expressed as the arcsine of the square root of the percentage survival for analysis purposes, but was expressed in the original scale in this report.
RESULTS
Preliminary analysis indicated that the position of the two samples of each cultivar within a freezing run (i.e., top vs. bottom shelf of the freezer) was not a factor that significantly impacted survival (not shown). Therefore, for further analysis the survival of a cultivar within a freezing trial was estimated from the mean survival of the two samples within that trial. The mean percentage of plants that survived the 114 freezing trials was taken as the measure of freezing tolerance for each cultivar. The overall analysis of variance using this measure of freezing tolerance as the response variable indicated that cultivars were a highly signifi cant source of variation, indicating signifi cant diff erences in freezing tolerance among the cultivars studied ( Table 2) . The minimum temperature, time at the minimum temperature, and the cooling rate also were signifi cant sources of variation (Table 2 ). The warming rate was not signifi cant in this global analysis (Table 2 ), but did signifi cantly infl uence survival of some of the individual cultivars (see below).
was performed in a programmable freezer (model LU-113, Espec Corp., Hudsonville, MI). Snomax is a commercial product used in the snow-making industry and results in uniform ice nucleation at about −3°C (Skirvin et al., 2000) . The temperature of the plant growth medium in each container near the crowns of the plants was monitored using food piercing temperature probes and an internet-enabled temperature monitor (Model E-16, Sensatronics, Bow, NH). The temperature was recorded every 2 min using a data capture script running on a remote computer.
At the start of each freezing trial, the plants were maintained at −3°C for 16 h, then were frozen to potentially damaging temperatures. This 16-h prefreezing treatment enables the plants to develop signifi cantly higher levels of freezing tolerance than if they were frozen without the pretreatment (Skinner and Bellinger, 2010) . The freezing process, after the 16-h prefreezing treatment, was varied in the cooling rate, the minimum temperature, the time at the minimum temperature, and the warming rate as the freezing episode ended. For the entire study, the nominal cooling rate was either 2 or 6°C/h; the target temperatures ranged from −10 to −17°C; the time at the minimum temperature was 0, 1, 2, or 3 h, and the warming rate following incubation at the minimum temperature was either 3 or 9°C/h. Each treatment combination of cooling rate, minimum temperature, time at the minimum temperature, and warming rate was replicated at least twice. A total of 114 freezing trials were conducted. Because of various equipment or germination failures, data from occasional individual plant containers were invalid. Ultimately, valid data were obtained for 4844 containers holding 93,834 plants.
Following freezing, the plants were held at 4°C for 24 h, and then were moved to a greenhouse. Supplemental lighting from 1000-W metal halide lamps was used to provide a 16-h photoperiod with about 350 mmol m −2 s −1 irradiance at soil level. Temperature was maintained at 23°C. Survival was scored as the proportion of plants that had regrown after 5 wk.
Data Analysis
The temperature record for each freezing episode for each container was parsed with a computer script (written by the fi rst author) to determine the cooling rate from −4°C (indicating the end of the −3°C pre-freezing treatment) to the minimum temperature, the minimum temperature experienced by the plants, the amount of time within 0.5°C of that minimum temperature, and the warming rate as the temperature returned to 0°C as the freezing episode ended. Because of the physical constraints of the system, these values naturally varied from those that were programmed into the freezer and therefore formed continuous variables. Two global measures of the freezing process, the total time frozen, and degree minutes, also were calculated. Total time frozen was calculated as the number of minutes the temperature measured in the crown zone was ≤0°C. Degree minutes were calculated as the temperature multiplied by the time at that temperature, summed over the freezing episode (Chen and Walker, 1993) , that is, the area bounded by the temperature trace and the 0°C line. Degree minutes were expressed as a positive number (absolute value) in this study. The data were analyzed to evaluate the signifi cance of the impact of each of these freezing process components on survival using logistic regression.
Logistic regression analysis was performed using PROC LOGISTIC of the statistical analysis system (SAS, http://www.sas. com). The response was entered as the number of plants survived/
Logistic Regression
The logistic regression analysis revealed that the cooling rate was a statistically signifi cant factor in survival of 9 of the 22 cultivars (Table 3 ). In six of these cultivars, an increase of 1°C/h of the cooling rate resulted in an odds ratio less than unity (average of 0.39, Table 3 ). Because the cooling rate was expressed as a negative number, this result indicated a slower cooling rate resulted in decreased odds of survival of those six cultivars (Table 3) . With the three cultivars Masami, Jagger, and Rely, an increase of 1°C/h of the cooling rate resulted in an odds ratio greater than unity (average odds ratio of 1.66, Table 3 ), indicating a slower cooling rate resulted in about a 60% increase in the odds of survival of those three cultivars. With the remaining 13 cultivars, survival was not signifi cantly infl uenced by the cooling rate, under the conditions tested (Table 3 ).
An increase of 1°C in the minimum temperature was consistently associated with a signifi cant, positive odds ratio, averaging 2.23 (Table 3) . This observation indicated a 1°C increase (less negative) of the minimum temperature resulted in about a twofold increase in survival of each of the cultivars.
The odds ratios associated with the time at the minimum temperature were small, but signifi cant, in 20 of the 22 cultivars (Table 3 ). The average odds ratio was 0.996, indicating an additional 1 min at the minimum temperature resulted in about a 0.4% decrease in the odds of survival.
The odds ratios associated with the warming rate as the freezing episodes ended were signifi cant in 10 of the 22 cultivars (Table 3 ). In 9 of these 10, the odds ratio was less than unity (Table 3 ) with an average of 0.86, indicating a 1°C/h increase in the warming rate generally was associated with about a 14% decrease in the odds of survival. With the cultivar Eltan, the warming rate-associated odds ratio was 1.09 (Table 3) indicating a more rapid warming rate resulted in greater survival of Eltan, under the conditions tested.
Two measures of the impact of the entire freezing episode were evaluated. The odds ratios associated with degree minutes, a combined measure of time and temperature, were signifi cant and less than unity with all cultivars (Table 3) . The average was 0.69 when measured for a change of 1000 Odds ratios were calculated for a change of 1°C/h for cooling and warming rates; 1°C for minimum temperature; 1 min for time at minimum; 1000 degree minutes; and 100 min for time frozen. Odds ratios followed by "ns" were not statistically signifi cant; all others were signifi cantly different from 1 (P = 0.05). ‡ Mean survival of 114 freezing tests of the indicated cultivar. Means followed by the same letter were not signifi cantly different (P = 0.05) according to Duncan's new multiple range test. § Clusters were determined with the FASTCLUS procedure of SAS using the indicated odds ratios (same row of the table) as predictor variables and survival as the response variable. Clusters are also indicated on Fig. 1. degree minutes. This result indicated that an increase of 1000 degree minutes, which may result from a greater time frozen and/or freezing to a lower temperature, resulted in about a 30% reduction of the odds of survival.
Variation in the length of the freezing episode, that is, the total amount of time the plants were frozen, significantly impacted survival in all of the 22 cultivars (Table  3) . The odds ratios, measured for a change of 100 min, were less than unity in 20 of the 22 cultivars, and averaged 0.93. This result indicated an increase of 100 min in the length of the freezing episode was usually associated with about a 7% reduction in survival. Conversely, with the cultivars Trego and Overley, the odds ratio associated with the total time frozen was 1.01 (P < 0.05), indicating an increase of 100 min in the total time frozen resulted in a slight, but statistically signifi cant, 1% increase in survival of those cultivars under the conditions tested.
Cluster and Canonical Discriminant Analyses
Although the signifi cance of the impact of the freezing process components on survival often was consistent among the cultivars, there was considerable variation in the magnitude of individual odds ratios (Table 3 ). This variation may have indicated that the cultivars diff ered in their ability to respond to the unique stresses imposed by the various portions of the freezing process. To evaluate the similarity with which the cultivars responded to the freezing process components, a cluster analysis and a canonical discriminant analysis was performed using the odds ratios associated with the four freezing process components (cooling rate, minimum temperature, time and minimum temperature, and warming rate), and the two global measures of freezing exposure, (degree minutes and total time frozen), as predictor variables.
Based on these odds ratios (Table 3) , the cultivars formed three distinct clusters as indicated by the cubic clustering criterion reported by PROC FASTCLUS (not shown) and by the clear separation of three clusters evident in a plot of the fi rst two canonical variables reported by PROC CANDISC (Fig. 1) . The fi rst canonical variable accounted for 87.7% of the variation and served to distinguish each of the clusters from one another (Fig. 1) . The second canonical variable accounted for 12.3% of the variation and further distinguished clusters 1 and 3 from cluster 2 (Fig. 1) . The equation for the fi rst canonical variable was (5.2)(Cooling rate) + (4.9) (Minimum temperature) -(457.6)(Time at minimum) + (2.0) (Warming rate) + (28.7)(Degree minutes) -(14.5)(Time Frozen); the equation for the second canonical variable was (−2.9) (Cooling rate) + (3.4)(Minimum temperature) -(65.6)(Time at minimum -(3.3)(Warming rate) + (7.2)(Degree minutes) -(29.9)(Time Frozen), where the freezing process component was represented by the odds ratios associated with that component. Cluster 1 consisted of the cultivars Centurk, Finley, Froid, Munstertaler, Tiber, and 2137, with an average freezing survival of 40% (Fig. 1) . Cluster 2 consisted of Edwin, Eltan, Kestrel, Norstar, Overley, Trego, Wanser, and 2145, with an average survival of 42% (Fig. 1) . Cluster 3 consisted of Jagger, Masami, Rely, Hatton, Hiller, Lewjain, Madsen, and Tubbs with an average survival of 17% (Fig. 1) . The fi rst and second clusters included the most freezing tolerant cultivars and were of essentially equal average freezing tolerance (Fig. 1) . There was considerable overlap of clusters 1 and 2 in terms of cultivars expressing levels of freezing tolerance that were not signifi cantly diff erent (Table 3 ). The third cluster included the cultivar Masami that had average survival of 29.3% (Table 3 , Fig. 1 ). This level of freezing tolerance was not signifi cantly diff erent from Edwin, 2145, or Overley in cluster 2, nor from Finley or 2137 in cluster 1 (Table 3) . The cultivars Hatton, Jagger, and Lewjain also occurred in cluster 3 ( Fig. 1) and had average survivals of 23, 21, and 21%, respectively (Table  3) . These levels of freezing tolerance were not signifi cantly diff erent from the tolerance of Overley in cluster 2 (Table 3) . These similar levels of freezing tolerance among cultivars in diff erent clusters suggested equal levels of freezing tolerance were attained through diff erent mechanisms.
DISCUSSION
The response of wheat plants to freezing stress is a complex phenomenon that makes use of numerous processes. In this study, we identifi ed variation among cultivars in the relative impact of components of the freezing process on the ability to survive. This variation did not appear to be continuous in that cluster analysis of the 22 cultivars indicated three distinct clusters (Fig. 1) . These clusters appear to represent groups of cultivars that employ somewhat diff erent combinations of mechanisms in their response to the various stresses imposed by the freezing process. Among the cultivars comprising clusters 1 and 2 (Fig. 1) , the levels of freezing tolerance were very similar (Table 3) , but the clear distinction of the clusters Figure 1 . Canonical discriminant analysis classifi cation of 22 winter wheat cultivars into three clusters based on their response to components of the freezing process. The average survival of the cultivars within the clusters were 40, 42, and 17% for clusters 1 to 3, respectively. Canonical variables 1 and 2 accounted for the percentage of variation indicated on the respective axis titles.
suggested that diff erent mechanisms were used in developing those similar levels of tolerance. For example, Froid and Kestrel expressed a level of freezing tolerance that was significantly greater than all other cultivars except Norstar (Table  3 ), yet Froid and Kestrel were grouped into diff erent clusters by their responses to the freezing process components (Fig. 1) . This result suggested that high levels of freezing tolerance can be eff ected by multiple mechanisms and that the examination of the response of cultivars to the components of the freezing process can reveal groups of cultivars that use those diff erent mechanisms. Further, these results suggest that it may be possible to develop wheat lines with superior freezing tolerance by genetically combining sources using primarily diff erent mechanisms, thereby enabling combinations of mechanisms to be formed. In the present case, combinations of cultivars from among, rather than within the clusters (Fig. 1) would be expected to result in lines with improved freezing tolerance.
This possibility is supported by previously published results (Skinner and Garland-Campbell, 2008) . In that study, the distributions of freezing tolerance in the progeny populations from the six possible crosses of four of the cultivars included in the present study (Eltan, Froid, Kestrel, and Tiber) were examined. Five of the six distributions were not signifi cantly diff erent according to a Kolmogorov-Smirnov test, but the distribution of freezing tolerance in the progeny from the cross of Tiber and Kestrel was signifi cantly diff erent from the other fi ve distributions (see Fig. 2 in Skinner and Garland-Campbell, 2008) . The distribution from the Tiber by Kestrel cross was much more broad than the other crosses, suggesting greater genetic variation occurred in that cross. Tiber and Kestrel occurred in clusters 1 and 2, respectively, in the present study (Fig. 1) . Thus, the broad variation in the Tiber by Kestrel progeny (Skinner and Garland-Campbell, 2008) was consistent with the hypothesis that cultivars distinguished by their responses to components of the freezing process ( Fig. 1) tend to develop freezing tolerance through the use of diff erent mechanisms. Also, it previously was reported that Norstar (highly freezing tolerant) and Tiber (moderately freezing tolerant) controlled expression of some genes diff erently at temperatures that were well below freezing but not lethal (Skinner, 2009) , further supporting the possibility that freezing tolerance develops during the freezing process through diff erent mechanisms in diff erent cultivars. It is possible that genetically combining these disparate sources of freezing tolerance will lead to germplasm lines with improved freezing tolerance.
